Journal of Research of the National Bureau of Standards 



Vol. 52, No. 1, January 1954 



Research Paper 2470 



Phase Equilibrium Relations in the Systems Lime-Titania 

and Zirconia-Titania 

L. W. Coughanour, R. S. Roth, and V. A. DeProsse 



The systems Ca0-Ti02 and Zr0 2 -Ti0 2 were studied by means of solid-state reactions 
and by the observation of fusion characteristics. The existence of two binary compounds 
in the CaO-Ti0 2 system was confirmed. One compound was found to exist in the Zr0 2 -li0 2 
system. This compound, Zr0 2 -Ti0 2 , has been found to have orthorhombic symmetry with 
the following parameters at room temperature: a = 4.806 A, 6 = 5.032 A, c=5.447 A. Solid- 
solution development was observed in the Zr0 2 -Ti0 2 system, but not in the CaO-Ti0 2 
system. From the data obtained, an equilibrium diagram is suggested for each system. 



I. Introduction 

A study of phase relationships in the systems CaO- 
Ti0 2 and Zr0 2 -Ti0 2 lias been conducted as a part of 
a program of fundamental studies of ceramic dielec- 
trics. 1 Both of these systems have been invest Lgated 
by previous workers. The results of these investiga- 
tions were rather divergent, however, so it was con- 
sidered essential that the systems be reinvest Lgated. 

The number of compounds proposed for the CaO- 
Ti() 2 system has varied from one |1] 2 to three [2]. 
Some previous studies of the Zr0 2 -Ti0 2 system [3, 4] 
have indicated the absence of any compounds in the 
system and the presence of partial solid solutions. 
The possibility of the stabilization of the tetragonal 
form of Zr0 2 by Ti0 2 has also been suggested [5]. 
Brown and Duwez [o] from X-ray and thermal-expan- 
sion measurements proposed a phase diagram indi- 
cating the compound Zr() 2 -Ti0 2 . Their diagram, 
although not supported by fusion-point data, is 
similar to the one determined in the present investi- 
gation. 

The determination of the melting points of the 
conrpounds, and of the solidus and liquidus tempera- 
tures at various points across the two systems, have 
supplied data from which a revised equilibrium 
diagram has been constructed for the systems CaO- 
Ti0 2 and Zr0 2 -Ti0 2 . 

2. Sample Preparation and Test Methods 

The following materials were used as the source of 
components in the samples for this study: CaO — 
Eimer Amend Co. reagent-grade calcium carbonate 
of 99.5-percent purity; Zr0 2 — dense Zr0 2 of nominal 
99-percent purity, obtained from the Titanium Alloy 
Manufacturing Co. ; Ti0 2 — highly purified titania of 
purity over 99.9-percent, obtained from the Tita- 
nium Division of the National Lead Co. 

Calculations of weight composition were made to 
±0.01 percent, no correction being made for the 
percentage purity of the raw materials. 

i This study was sponsored by the Office of Ordnance Research, Department 
of the Army. 

2 Figures in brackets indicate literature references at the end of this paper. 



The components, in sufficient quantities to give a 
10-g sample, were weighed to the Dearest milligram. 
They were then mixed with a binder of either a 5- 
percenl soluble-starch solution or a saturated 
solution of paraffin in carbon tetrachloride, and 1- 
in.-diam disks were formed at a pressure of 5,000 
lb/in 2 . The pressed samples were fired for 4 hr at 
1,200° C on platinum foil in an air atmosphere, 
using an electrically heated furnace wound with 
so Pt 20 Rh wire. The disks were cooled and then 
ground, repressed, and retired for 4 In- at 1 ,350° C, 
again under oxidizing conditions. X-ray examina- 
tion of the samples showed, after these two heat 
treatments, that the solid-phase reactions were 
essentially complete with the exception of the forma- 
tion of 3CaO«2Ti0 2 . Tin 1 composition representing 
this compound was a mixture of CaO and CaO-Ti0 2 
after these two calcinations. However, upon heat- 
ing to 1,500° C, or higher, the reaction to form the 
compound 3CaO-2Ti0 2 took place quite readily. 

Following this preliminary heat treatment the 
disks were ground, remixed with starch-solution 
binder, and disks about % in. high were formed at 
15,000 lb/in. 2 in a %-in.-diam mold. From these 
disks, the specimens for solidus and liquidus determi- 
nations were ground in the form of small four-sided 
pyramids, grooved on each side [7]. The tests 
were conducted in a thoria resistor-type furnace 
[8, 9]. The specimens were placed in the furnace on 
a disk of a platinum-rhodium alloy for temperatures 
below 1,900° O. For temperatures higher than this 
value, the samples were placed on an iridium disk. 
The metal disk was on a support of Th0 2 . The 
heating rate during the tests was about 4 deg 
C/min until the solidus temperature was approached, 
when it was reduced to about 2 deg C/min, or less. 
There was an oxidizing atmosphere in the furnace at 
all times. The temperature and fusion character- 
istics of the specimens were observed with an optical 
pyrometer calibrated at the National Bureau of 
Standards. In the determination of the solidus and 
liquidus temperatures, the first sign of liquid forma- 
tion, rounding of the corners of the test pyramid, 
was recorded as the solidus temperature. The 
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temperature of complete melting-, as arrived at by 
observations through the optical pyrometer and by 
visual inspection of the cooled specimen, was re- 
corded as the liquidus temperature. In all cases, 
several tests had to be made to determine these 
two values. 

The determination of such temperatures is subject 
to a number of sources or error. Among these are 
the slight deviations from blackbody conditions, the 
introduction of small quantities of impurities into 
the specimens in the forming and grinding opera- 
tions, the possibility of reduction of Ti0 2 at high 
temperatures, and the inherent difficulty in the 
visual determination of the solidus and liquidus 
temperatures. In the present study, care was taken 
to keep each of these possible errors to a minimum. 
It is believed that the temperatures as recorded are 
accurate to ±10° C. 

After the fused specimens had cooled, they were 
analyzed either petrographically or by means of 
X-ray powder patterns, using a high-angle recording 
spectrometer, and Cu Ka radiation. All X-ray data 
are reported as observed, uncorrected for tempera- 
ture or adsorption characteristics. Similar analyses 
were performed on specimens that had been quenched 
from temperatures up to 1,600° C. 



3. The CaO-TiO, System 

A considerable amount of work has been done on 
this system by previous investigators. The results, 
however, have been in rather serious disagreement, 
and the present study was undertaken to determine 
the correct equilibrium relations. 

Tanaka [1] decided that there is only one com- 
pound, CaOTi0 2 , in the system and that CaO 
forms solid solutions with this compound. Hedvall 
and Anderson [10], by means of X-ray studies of 
samples fired to a maximum temperature of 1,135° C, 
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also concluded that CaO-Ti0 2 is the only compound 
in the system. H. von Wartenberg, et al. [2] pub- 
lished a liquidus curve for the system which indicated 
the existence of three congruently melting com- 
pounds, 3CaO ; Ti0 2 , 2CaO-Ti0 2 , ^and CaOTi0 2 . 
Several other investigators [11-15] have indicated 
that the compounds existing in the svstem are 
3Ca02Ti0 2 and CaOTi0 2 . De Vries, et al. [15] 
proposed a diagram similar to the one here 
determined. 

The equilibrium diagram resulting from the 
present study is shown in figure 1. The fusion- 
behavior data from which the diagram is constructed 
are given in table 1. It is seen that there are two 
compounds in the system. These are CaOTi0 2 
(perovskite) , which melts congruentlv at about 
1,915° C, and 3CaO-2Ti0 2 , which melts incongru- 
ently at about 1,750° C. It should be noted that the 
compound 3CaO-2Ti0 2 does not form readily at 
temperatures below 1,500° C. This may explain 
why it was not noted by some other investigators. 
The X-ray powder diffraction pattern for the com- 
pound 3CaO-2Ti0 2 is given in table 2, but attempts 
to index this pattern have not, as yet, been success- 
ful. 

The absence of solid solutions in the diagram 
should be noted. There is considerable overlapping 
of some peaks in the diffraction patterns of the com- 
pounds CaOTi0 2 and 3CaO-2Ti0 2 . This fact makes 
it rather difficult to unambiguously establish solid- 
solution relationships by X-ray methods. This 
difficulty is not present in the petrographic method 
of analysis, however, as their optical properties 
differ rather widely. Perovskite has very low 
birefringence and an index of refraction of about 
2.38. The optical properties of the compound 
3CaO-2Ti0 2 may be tabulated as follows: Optical 



Table 1. Fusion characteristics of compositions in the 
CaO-Ti0 2 system 
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character — biaxial (— ), 2V^80°; approximate in- 
dices of refraction — a=2.16, 0=2.20, 7 = 2.22. 
These values are in good agreement with those in 
the partial list of optical properties given by Fisk [14]. 



Table 2. 



X-ray powder diffraction pattern for the compound 
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1 R. I. is the intensity of diffraction peaks relative to the strongest peak. 



4. The Zr0 2 -Ti0 2 System 

A liquidus curve for this system was published by 
von Wartenberg and Gurr [16]. They showed a 
eutectic point at about 80 mole percent Ti0 2 and 
1,760° C. This is in exact agreement with the 
eutectic determined in the present work. Bussem, 
Sc I msterius, and Ungewiss [3] in an X-ray study of 
the system noted solid -solution development but no 
compound formation. Sowman and Andrews [4] 
published a phase diagram for the system Zro 2 -Ti0 2 . 
Their diagram was one of partial solid solution with 
no compounds present. Thev located the eutectic 
at 45 to 50 weight percent Ti6 2 and 1,600° C. This 
diagram is not in agreement with the one determined 
in the present work. Later work by Sowman [5] 
on the Zr0 2 -Ti0 2 system indicated to him that the 
1:1 composition, after heat treatment, consists of 
either a distorted form of tetragonal Zr0 2 or a new 
compound. Recently, Brown and Duwez [6] pro- 
posed a diagram indicating the existence of the 
compound Zr0 2 Ti0 2 . Their diagram is quite similar 
to the one determined at the Bureau. 
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FiGUBE 2. Suggested equilibrium diagram for the system 
Zr0 2 -Ti0 2 . 

The equilibrium diagram for the Zr0 2 *Ti0 2 system, 
as determined in the present study, is shown in 
figure 2, and the fusion behavior-data from which the 
diagram was constructed are listed in table 3. It is 
seen that the compound Zr0 2 -Ti0 2 melts incon- 
gruently at about 1,820° C. The eutectic point for 
the system is located at about 80 mole percent Ti0 2 
and 1,760° C. Rather extensive solid-solution devel- 
opment is noted at the higher temperatures. 

No attempt was made in this study to work out 
thoroughly the iower-temperature relationships in 
this system. Some observations on quenched speci- 
mens and slowly cooled specimens did, however, 
yield some information on this part of the system. 
X-ray analyses of specimens quenched from 1,500° C 
indicated that at this temperature about 12 percent 
of Zr0 2 will dissolve in Ti6 2 . This is in good agree- 
ment with the value given by Bussem, et al. (3). 

Table 3. Fusion characteristics of compositions in the 
Zr0 2 -Ti0 2 system 
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The mole composition 2Zr0 2 :3Ti0 2 , when quenched 
from 1,460° C, had only a small percentage of Ti0 2 
in it, and the parameters of the Zr0 2 Ti0 2 had 
changed, indicating some solid solution at this tem- 
perature. No solid solution of Ti0 2 in Zr0 2 -Ti0 2 
could be detected in slowly cooled samples. 

Diffraction patterns of specimens high in Zr0 2 
content indicated that Ti0 2 is soluble in monoclinic 
Zr0 2 to the extent of 10 to 15 weight percent at room 
temperature. The Zr0 2 diffraction peaks in such 
samples had shifted to higher angles, indicating a 
smaller unit cell than that for pure Zr0 2 . This result 
is at variance with the findings of Brown and Duwez 
[6], who stated that the solubility of titania in mono- 
clinic Zr0 2 is probably very small. 

5. The Compound Zr0 2 Ti0 2 

In view of the disagreement between the present 
authors and some previous workers concerning the 
existence of the compound Zr0 2 -Ti0 2 , some discus- 
sion of its properties is in order. First of all, it was 
noted that the 1 :1 mixture formed a single phase 
when fired at 1,250° C for a sufficiently long period of 
time, or when fired at higher temperatures for shorter 
periods of time. There is a superficial resemblance 
between the X-ray pattern of this material and that 
of tetragonal Zr0 2 . However, the pattern of the 1 :1 
fired mixture contained so many excess lines that it 
could not be indexed on the basis of tetragonal sym- 
metry. The patterns are compared in figure 3. It 
is evident that these patterns are for two entirely 
different materials. 



Further, it was found that the 1 :1 composition, 
when fused and cooled relatively slowly, gave crys- 
tals large enough for petrographic examination. 
Such examination showed the material to consist of 
a single crystalline phase having the following prop- 
erties: Biaxial ( — ), 2V^80°; approximate indices 
of refraction— a- 2. 33, = 2.38, 7=2.41. 

These properties are not compatible with tetrag- 
onal symmetry. It therefore must be assumed that 
the 1 :1 mixture does not form stabilized tetragonal 
Zr0 2 , but does form a distinct compound. It is to be 
noted that the X-ray pattern for the heated 1 :1 mix- 
ture is indexed on the basis of orthorhombic sym- 
metry. The indexed pattern is listed in table 4. 
The indexing of the powder pattern of Zr0 2 -Ti0 2 was 
facilitated by the similarity of this pattern to that of 
tetragonal Zr0 2 . It was noted that the 002/200 
doublet of tetragonal Zr0 2 was split into three peaks, 
indicating a lower symmetry for Zr0 2 Ti0 2 . When 
this triplet was assigned values of 002/020/200, the 
pattern was easily indexed and proved the compound 
Zr0 2 -Ti0 2 to have orthorhombic symmetry. 

The theoretical possibility of the formation of the 
compound Zr0 2 Ti0 2 may be realized by noting the 
work of Dietzal and Tober [17]. They state that 
the tendency for compound formation between two 
oxides is dependent upon the relative difference in 
the field strengths of the two components involved. 
The field strength may be represented as being 
proportional to the quantity z/a 2 , where z is the 
charge on the cation, and a is the distance between 
the cation and anion. They noted that for most 
binary oxide systems A(z/a 2 ) should be at least 0.30 
in order that compound formation may occur. 
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Figure 3. X-ray diffraction patterns for Zr0 2 -Ti0 2 and tetragonal Zr0 2 . 



40 



Table 4. X-ray diffraction patterns of the compound 
Zr0 2 -Ti0 2 
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• R. I. is the intensity of diffraction peaks relative to the strongest peak. 

Further, if compound formation does take place 
when A(z/a 2 ) is less than 0.30, the compound must 
have an incongruent melting point. Furthermore, 
they indicate that A (2 /a 2 ) for the Zr0 2 -Ti0 2 system 
is equal to 0.30. Thus, we see that the compound 
Zr0 2 *Ti0 2 is a possible occurrence according to this 
scheme, and that, if formed, it should have incongru- 



ent melting characteristics. This is exactly the 
situation observed in the present study. 

The compound when cooled slowly from a temper- 
ature of 1,200° to 1,600° C to room temperature has 
the following parameters: a=4.806A, b= 5. 032 A, 
c = 5.447A. If the compound is quenched from 
1,200° to 1,500° C, the c-axis is found to have a 
larger value, whereas the a- and ft-axes remain 
essentially the same. The parameters of the 
quenched compound are: a=4.802A, 6 = 5.034A, 
c=5.483A. If the compound is quenched from 
800° C, the parameters are the same as those in the 
slowly cooled specimen. These results seem to 
indicate the existence of two polymorphic forms 
of Zr0 2 Ti0 2 , with the transition temperature 
between 800° and 1,200° C. 

The only extinction rules which are observed for 
the low temperature form of Zr0 2 Ti0 2 are as 
follows; A00, h=2n; 0k0, k=2n; 00/, l=2n. From 
these it must be concluded that this compound has 
a primitive lattice rather than a face-centered 
lattice, as is the case in the tetragonal, cubic, and 
monoclinic forms of Zr0 2 . The high-temperature 
form of Zr0 2 Ti0 2 seems to have the additional 
extinction rule of: hOl, h-\-l = 2n. This indicates 
that the high-temperature form of Zr0 2 Ti0 2 has 
a different symmetry than the low-temperature 
form. 

6. Summary 

The systems CaO-Ti0 2 and Zr() 2 -Ti0 2 were studied 
by observing solid-state reactions and fusion char- 
acteristics. The existence of two compounds in 
the CaO-Ti0 2 system was confirmed. They are 
CaO-Ti0 2 , which melts congruently at about 1,915° 
C, and 3CaO-2Ti0 2 , which melts incongruently at 
about 1,750° C. The two eutectic points were lo- 
cated as follows: 75 mole percent Ti0 2 and 1,475° C, 
and about 23 mole percent Ti0 2 and 1,725° C. No 
solid-solution formation was noted in this system. 

One compound, Zr0 2 -Ti0 2 , was found to occur in 
the Zr0 2 -Ti0 2 system. This compound melts incon- 
gruently at about 1,820° C. The eutectic point for 
the system was located at about 80 mole percent 
Ti0 2 and 1,760° C. Partial solid-solution develop- 
ment was noted in this system. 

The X-ray powder diffraction pattern of the com- 
pound Zr0 2 -Ti0 2 was indexed on the basis of ortho- 
rhombic symmetry. 
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